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INHERITANCE AND INTERRELATIONSHIP OF COMPO- 
NENTS OF QUALITY, COLD RESISTANCE, AND MOR- 
PHOLOGICAL CHARACTERS IN WHEAT HYBRIDS '! 


By W. W. WorzeELLa 
Associate in agronomy, Purdue University Agricultural Experiment Station 
INTRODUCTION 


In the soft red winter wheat region one of the main problems in the 
breeding program is that of developing new varieties that not only 
possess suitable quality but also are winter hardy. In order to ‘‘build 
up” or synthesize such new varieties most directly it is essential to 
obtain information on the mode of inheritance of quality and winter 
hardiness, and to determine the extent of correlation or linkage, if any, 
among these characters. 

This paper reports a study of the inheritance and interrelationship 
- of components of quality, cold resistance, and morphological characters 
in wheat (Triticum aestivum L.) hydrids. It was carried out on 600 
hybrids and the parent stocks originating from a triangular cross of 
American Banner, Trumbull, and Michikof, grown at Lafayette, 
Ind., in 1937-38 and repeated in 1939-40. 


REVIEW OF LITERATURE 


Several reports have been published on the inheritance of com- 
ponents of quality, cold resistance, and morphological characters in 
wheat, but few data are available on the interrelationships of these 
characters, especially with hybrid populations selected at random. 
Since 11 different characters are taken up in this report, only the 
more pertinent papers will be reviewed. 

Workers have used loaf volume, fermentation time, extensimeter, 
and swelling number as indices of gluten strength. Meneret (82) ? 
and Rosenstiel (36) found two pairs of factors, while Worzella (43) 
found three pairs of factors to govern the mode of inheritance of this 
character. Data obtained by Alabouvette (5), Ausemus et al. (8), 
Cutler and Worzella (20), Hayes et al. (27), Saunders (37, 38), and 
Worzella and Cutler (46) indicate that the inheritance of gluten 
strength is governed by multiple factors. 

Aamodt and Torrie (2), Biffen (9, 10), Bryan and Pressley (12, 13), 
and Howard and Howard (28) reported that a single genetic factor 
conditioned the inheritance of kernel texture. Two factors for kernel 
texture were reported by Aamodt and Torrie (2), and Freeman (22), 
while polymeric factors were found by Aanmodt et al. (3), Clark et al. 
(16), Harrington (24), Hayes (25), and Hayes et al. (27). 
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Working with a series of varieties and hybrid strains, Whiteside 
(41), Whiteside et al. (42), and Worzella and Cutler (45, 46) showed 
that the carotenoid pigment content in wheat is genetic in nature. 
©@lark and Smith (19) and Markley (31) reported that polymeric 
factors govern the inheritance of carotenoid content in durum wheats. 

Multiple factor inheritance for crude protein content was indicated 
by Aamodt and Torrie (2), Ausemus et al. (8), Clark (15), Clark et al. 
(16), Clark and Hooker (17), Clark and Quisenberry (18), Clark and 
Smith (19), Hayes et al. (27), and Zinn (49). 

The rode of inheritance of kernel weight was reported by Jasnowski 
(29, 30) to be governed by three factor pairs. 

Akerman (4), Hayes and Aamodt (26), Nilsson-Ehle (33), Quisen- 
berry (34), Quisenberry and Clark (35), and Worzella (44), working 
with different wheat crosses, concluded that cold resistance is a herit- 
able character and is controlled by many genetic factors. 

Aamodt and Torrie (2), Ausemus et al. (8), Clark (15), Clark and 
Smith (19), Goulden et al. (23), Hayes et al. (27), Waldron and Man- 
gels (40), Whiteside et al. (42), and Zinn (49) studied the inter- 
relationship of factors for quality, such as protein content, loaf volume, 
texture, color, test weight, etc., on a series of varieties and selected 
hybrid strains. Data obtained by these workers show a general 
tendency for an association between protein content and loaf volume, 
carotenoid content and crumb score, and kernel texture and protein 
content; however, many of the correlation coefficients were low in 
magnitude while others were not significant. Intercharacter correla- 
tions between other components of quality usually were not significant 
or consistent under different conditions. 

Many investigators have reported that the mode of inheritance of 
glume and kernel color is governed by one, two, or three pairs of genetic 
factors. Ausemus (7) and Churchward (14) showed that one factor 
pair governs the inheritance of coleoptile color, while Quisenberry 
(34) found two factor pairs. The inheritance of straw color was 
reported by Torrie (39) to be monogenic. Churchward (14) found a 
strong correlation between straw and coleoptile color. 


MATERIALS AND METHODS 


The experiments here reported were conducted with F;, Fy, and 
parent rows grown under field conditions during 1937-38 and repeated 
in 1939-40. The three common wheat -varieties American Banner, 
Trumbull, and Michikof were used as parents in this study. Table 
1 shows the contrasting characters of the three varieties. 

Reciprocal crosses between pure lines of American Banner, Trum- 
bull, and Michikof were made in the greenhouse in 1935 and F, 
plants were grown during 1935-36. The F, generation was grown in 
the field at the soils and crops farm at Lafayette, Ind., during 1936-37. 
The kernels were spaced at 4-inch intervals in 18-foot rows 1 foot apart. 
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TABLE 1.—Contrasting characters of the parent varieties American Banner, Trum- 
bull, and Michikof 


























Variety Difference 

peseanaey 

Contrasting characters for tae % 
American ate (Oe 

Banner Trumbull | Michikof 2 means 

(Odds 19:1) 
Gluten strength... .............-.--..------ minutes. - 18.8 31.4 195.6 16.42 
Particle-size index __..-_.....--------------- percent -- 16.5 17.8 8.8 87 
Carotenoid content --.-_..-...----.----.----- p. p. m_. 1.87 1,95 2.09 08 
Protein eontent......--.....2-----. 5-2-2 percent -- 9.1 9.6 10.6 .30 
1,000-kernel weight _---.-...------------------ grams 36.0 35.2 31.9 1.00 
STNG PNR se ooo econ wnenedoesckea neds pounds 57.5 59.2 60. 2 67 
CR e a een eee percent. - 20.6 24.2 50.9 1.09 
MU aeons cage no aids sdb ie ccameewnsdedaun se Brown Whi Whee 4306 Seo. 
IN is iors anges idea dawe npc picouc eect iate White Red WOO ho Be 
Coleoptile color. -.-....--.------ Sk vceimel pao eee Green Purple Greet de oo ce 
RII a hg ae edn comaaguauouendane canis White Purple st OS 





1 Percentage below the mean (Worzella, 43, pp. 707-708). 


A random selection of the F, populations was made as a basis for 
continuing the study in the F; generation. Two hundred F, plants 
were selected from each of the three crosses. In the fall of 1937, 50 
grains from each F, plant were used to seed an F; progeny row by spac- 
ing the kernels at 3-inch intervals in 12-foot rows 1 foot apart. Check 
rows of the parent varieties, sown in the same manner, were alternated 
every tenth row. Following a favorable growing season, from 35 to 
48 plants per row were available for harvest in 1938. Representative 
wheat samples for each row were obtained by harvesting 3 heads from 
each plant and threshing them in bulk. In addition, 1 head from each 
F; hybrid plant was selected for F, progeny tests. The 666 composite 
samples, representing the parents and F; progenies of the 1938 crop, 
were analyzed for several components of quality and cold resistance. 

In the fall of 1939, 200 grains from each F; family were planted in 
6-foot rows 1 foot apart. Check rows of the parent varieties, sown in 
the same manner, were alternated every tenth row. In addition, 
several F; families that showed wide differences in respect to quality 
were further progeny tested in 4-foot head rows in the F, generation. 
Each row was harvested separately and threshed in bulk. Represent- 
ative samples from each row were used to conduct the quality studies 
of the 1940 crop. 

Gluten strength was determined by the wheat-meal fermentation- 
time test as described by Cutler and Worzella (21). Granulation or 
the particle-size index of wheat meal was determined according to the 
method developed by Worzella and Cutler (47). The method 
reported by Binnington and Geddes (11) with some minor modifica- 
tions was used for determining the carotenoid content of wheat. 
A 10-gm. sample of finely ground wheat meal was placed in a 4-ounce 
bottle containing 50 cc. of water-saturated butanol and allowed to 
stand for 16 hours with occasional shaking. Clarification was 
effected by filtration through No. 1 Whatman paper. The yellow 
pigment content of the extract was determined in a 2-cm. cell, using a 
KWSZ photometer. Pure beta-carotene was used to prepare a series 
of known standards. By means of a conversion table the percentage 
transmittancy readings were expressed as parts of carotene per million 
parts of wheat meal. Crude-protein determinations were made 
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according to the method outlined in Cereal Laboratory Methods (6). 
Protein data are reported on a 13.5 percent moisture basis. The 
relative test weights of the small samples of wheat were determined 
by the method developed by Aamodt and Torrie (/). Cold-resistance 
studies were conducted under artificial freezing tests according to the 
method described by Worzella and Cutler (48). ? 


EXPERIMENTAL RESULTS 


Genetic analyses and experimental data on gluten strength, granu- 
lation, carotenoid pigment content, crude protein, kernel weight, test 
weight, cold resistance, and several morphological characters are 
presented in the order named. Following these, the relationships 
between the characters are reported. 


INHERITANCE OF CHARACTERS 
GLUTEN STRENGTH 


To study the inheritance of gluten strength, fermentation-time 
tests were made on the grain obtained from F; and F, hybrids and 
parents, originating from a triangular cross of American Banner, 
Trumbull, and Michikof, grown at Lafayette, Ind., in 1937-38 and 


TABLE 2.—Frequency distribution of fermentation time for gluten strength of hybrids 
from American Banner X Trumbull, American Banner < Michikof, and Trum- 
bull < Michikof crosses and of the parent varieties 


Lines in class center for fermentation time in 
number of minutes stated ! 
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| | 
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! A logarithm of 0.132 was used in calculating class intervals (Worzella, 43, p. 707). 
2 Percentage below the mean (Worzella, 43, pp. 707-708). 


1939-40. The data obtained were arranged in frequency distribu- 
tions and are shown in table 2 and in figure 1. 

The results show that the three parent varieties are widely different 
in gluten strength. The average time of disintegration for dough 
balls made from American Banner, Trumbull, and Michikof, was 
about 19, 31, and 195 minutes, respectively. 
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The gluten quality of the F; families, in each cross, varied all the 
way from that of the weaker to that of the stronger parent. The 
frequency distributions of fermentation time for the hybrids from the 
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FERMENTATION TIME (MINUTES) 


FicurE 1.—Range in fermentation time for gluten strength of the parent varieties 
American Banner, Trumbull, and Michikof, and F; distribution of fermentation 
time for gluten strength of hybrids from American Banner < Trumbull, 
American Banner < Michikof, and Trumbull < Michikof crosses. Crops of 
1938 and 1940. 


American Banner X Michikof and Trumbull < Michikof crosses, 
approach normal curves. There is, however, a preponderance of 
hybrids toward the short time side of the frequency distribution 
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which may be due to the effect of environmental conditions favoring 
the development of weak gluten wheats. F, families just as weak as 
American Banner and just as strong as Michikof in gluten strength 
were recovered. Some of the F, lines (76 and 266) bred compara- 
tively true, the range for time being no greater than for the parents, 
while others varied as much as the F; generation (F, distribution). 

The sharp rise in the variability between the parents and later gen- 
erations, the recombination of families possessiong various degrees 
of gluten strength, and the reappearance of parental types, indicate 
clearly the existence of segregation of genetic factors. Since about 
one-fourth of the families in the American Banner < Trumbull cross 
possess approximately the same gluten quality as that found in Amer- 
ican Banner, it ase appear that 1 major factor pair governs the 
mode of inheritance of gluten strength in this cross. Based on the 
number of parental recombinations, when only 200 families were 
studied, the data indicate that about 4 factor pairs are involved in 
the inheritance of gluten strength in the American Banner  Michikof 
cross, while about 3 factor pairs may explain the genetic difference 
between the Trumbull and Michikof varieties. The writer is not 
unmindful of the fact that such a genetic analysis may not always 
hold true, since environment greatly influences the expression of the 
gluten quality character. 


GRANULATION 


Meal granulation, or degree of particle fineness, is an important 
component of wheat quality. In studying its mode of inheritance, 
granulation tests were conducted on finely ground wheat meal of 


F; and F, hybrids originating from three crosses. The data, expressed 


in percentage and designated as particle-size index, are given in table 
3 and figure 2. 


TABLE 3.—Frequency distribution of particle-size index of hybrids from American 
Banner X Trumbull, American Banner X Michikof, and Trumbull X Michikof 
crosses and of the parent varieties 





Lines in class center for particle-size index of 
Gen- | Year wheat meal in percentage stated 
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A comparison of the results of the two seasons shows that the wheat 
of the 1940 crop produced a finer meal or flour than that harvested in 
1938. The average particle-size index of 16.5 and 17.8 for American 





PARENTS fi 








@ 
co) 


« 
wW 
® 60 
= 
> | 
z 


> 
T 


. 
en 
Ray 








PARTICLE—SIZE INDEX OF MEAL (PER CENT) 


Figure 2.—Range in particle-size index of the parent varieties American Banner, 
Trumbull, and Michikof, and F, distribution of particle-size index of hybrids 
from American Banner X Trumbull, American Banner X Michikof, and 
Trumbull X Michikof crosses. Crops of 1938 and 1940. 


Banner and Trumbull, respectively, indicates that these varieties 
grind into a relatively fine meal, whereas the variety Michikof, with 
an index of 8.8, produces a coarse meal. 
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The hybrids, considered as a whole, are intermediate to the parents 
in meal granulation with F; families varying in degree of particle 
fineness from the finer to the coarser grinding parent. The frequency 
distributions of particle-size index, for each of the 3 hybrid popula- 
tions, suggest a normal curve. F, lines (216 and 322) were selected 
that varied widely in meal granulation and that bred comparatively 
true. The results show, therefore, that meal granulation is inherited 
in the same way as other quantitative characters; however, since 
parental recombinations reappeared many times in populations of 200, 
it appears that only a few genetic factors govern the mode of inheritance 
of meal granulation in the varieties studied. 


CAROTENOID PIGMENT CONTENT 


The amount of carotenoid pigments in wheat usually reflects color, 
an important characteristic of white flour. Samples of wheat, 
representing hybrid lines and parent rows, were analyzed for the 
amount of carotenoid pigments in order to study the mode of inheri- 
tance of this character. The data are shown in table 4 and figure 3. 


TABLE 4.—Frequency distribution of carotenoid pigments of hybrids from American 
Banner X Trumbull, American Banner X Michikof, and Trumbull « Michikof 
crosses and of the parent varieties 





Lines in class center for carotene in parts per million 
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The actual values for total carotenoid content in wheat shown in 
table 4 and figure 3 are somewhat lower than usually reported in the 
literature. There is disagreement among investigators as to the 
material best suited for the preparation of standards in the calibration 
of photoelectric instruments. In this study pure beta-carotene, which 
is not completely soluble in water-saturated butanol, was used. 

The results show that the parental varieties do not differ greatly in 
carotenoid content; however, the variety, Michikof, is significantly 
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higher in the amount of yellow pigments than the varieties American 
Banner or Trumbull. In each cross, the F, distributions exceed the 
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CAROTENOID PIGMENT (PARTS PER MILLION AS CAROTENE) 


Figure 3.—Range in carotenoid pigment content of the parent varieties American 
Banner, Trumbull, and Michikof, and F, distribution of carotenoid pigment 
content of hybrids from American Banner X Trumbull, American Banner X< 
Michikof, and Trumbull X Michikof crosses. Crops of 1938 and 1940. 


range of the parent varieties, indicating transgressive segregation for 
carotenoid content. F; families as low as 1.3 parts per million and as 


494656—42——2 





510 Journal of Agricultural Research Vol. 65, No. 11 





high as 2.9 parts per million in carotene were recombined. The 
frequency distributions of carotene for the hybrid populations ap- 
proach normal curves. F, lines were selected that varied from an 
average of 1.50 parts per million to 3.08 parts per million in carotene. 

The sharp rise in variability between the parents and F; generation, 
and the recombination of lines beyond the range found in the parents 
(transgressive inheritance), indicates that the mode of inheritance of 
carotenoid pigment content in wheat is governed by several genetic 
factors. The data show that although the varieties used in this study 
varied little in carotenoid content, they are genotypically different 
and possess different pairs. of genetic factors for this character. 


CrupDE PROTEIN 


Crude-protein determinations were made on several hundred samples 
of wheat, representing hybrids and parent rows, in order to study the 
manner of inheritance of this character. The data obtained are 
presented in table 5 and figure 4. 

A study of the inheritance of crude-protein content is difficult to 
make since this character is greatly influenced by environmental 
conditions. In the 1938 crop, the protein content of the 22 samples 
of American Banner wheat, all grown within an area of one-fourth 
acre, varied from 8.5 to 10.0 percent, and for the same year thesamples 
of the variety Trumbull varied from 8.5 to 11.5 percent in protein. 
Also, the wheat harvested during the 1938 season contained a higher 
percentage of protein that that of the 1940 crop. 

On the basis of the 2 years’ data the average protein content of 
American Banner, Trumbull, and Michikof is 9.1, 9.6, and 10.6 percent, 
respectively. The differences between these values are statistically 
significant, indicating that the varieties used in this study are geneti- 
cally different in crude-protein content. The hybrids, considered as a 
whole, are intermediate to the parents, with lines varying in percentage 
protein from the lower to the higher parent. FF, families that varied 
significantly in protein content were selected. The data indicate 
that the mode of inheritance of crude-protein content is conditioned 
by. multiple factors. 


TABLE or eae distribution of percentage of protein of hybrids from American 


Banner X Trumbull, American Banner X Michikof, and Trumbull X Michikof 
crosses and of the parent varieties 
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KERNEL WEIGHT 


The 1,000-kernel weight of wheat, representing F; families and 
parent rows, was determined when grown under similar environmental 
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PROTEIN (PERCENT) 


Figure 4.—Range in crude-protein content of the parent varieties American 
Banner, Trumbull, and Michikof, and F, distribution of crude-protein content 
of hybrids from American Banner X Trumbull, American Banner < Michikof, 
and Trumbull <X Michikof crosses. Crops of 1938 and 1940. 


conditions. The data for these and also for several selected F, 
families are presented in table 6. 
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TABLE 6. Siok ame a distribution of weight of 1,000 kernels of hybrids from American 
Banner X Trumbull, American Banner X xX Michikof, and Trumbull X Michikof 
crosses and of the parent varieties 





Lines in class center for 1,000-kernel weight 
in number of grams stated 
Parent or cross 





Generation 
Standard 
deviation 


29 | 31 | 33 37 41 
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The kernel weight of wheat is greatly influenced by environmental 
conditions as indicated by the wide range found in the parent varieties. 
The results show that the varieties American Banner and Trumbull 
possess large kernels while the kernels of the variety Michikof are 
considerably smaller. The hybrid populations, as a whole, are inter- 
mediate to the parents in kernel size. F, families that varied widely 
in kernel weight were recombined. These data suggest that the 
inheritance of kernel weight is conditioned by multiple factors. 


Test WEIGHT 


Test weight is an important component of wheat quality since it 
generally reflects flour yield. To study its mode of inheritance 
test-weight determinations were made on wheat from hybrid popu- 
lations and parent rows grown under comparable environmental 
per ier The data, arranged in frequency distributions, are shown 
in table 7. 


TABLE 7.—Frequency distribution of test weight of hybrids from American Banner X 
Trumbull, American Banner X Michikof, and Trumbull * Michikof crosses and 
of the parent varieties 
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Comparing the data of the two seasons, it is evident that the 
wheat of the 1938 crop was lower in test weight than that of the 
1940 crop. The average test weights, for the 2 years, of American 
Banner, Trumbull, and Michikof, are 57.5, 59.2, and 60.2 pounds, 
respectively. The F; distributions of test weight, for each of the 3 
hybrid populations, suggest normal curves. F, families varying from 
56.2 to 62.4 pounds in test weight were selected. The data indicate, 
therefore, that test weight is a quantitative character governed to 
some extent by several genetic factors. 


Coup RESISTANCE 


In studying the inheritance of cold resistance, F; and F, lines, 
together with their parents, were subjected to artificially controlled 
freezing tests during the winters of 1938-39 and 1939-40. The data 
obtained are presented in table 8. 


TABLE 8.—Frequency distribution of cold resistance of hybrids from American 
Banner X Trumbull, American Banner X Michikof, and Trumbull  Michikof 
crosses and of the parent varieties, as determined by controlled freezing tests 





Lines in class center for estimated winter 
survival in percentage stated 
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The results show an average estimated winter survival of 20.6, 24.2, 
and 50.9 percent for the parental varieties American Banner, Trum- 
bull, and Michikof, respectively. F families varied in cold resistance 
from that of the tender to that of the hardier parent, with the majority 
of the lines intermediate to the parents. Some F, lines were recovered 
that were as susceptible to frost injury as the nonhardy variety 
American Banner, while others were almost as hardy as Michikof. 

The increase in the variability between the parents and the F; gen- 
eration indicates the segregation of genetic factors. The results indi- 
cate, therefore, that cold resistance is a quantitative character condi- 
tioned by several genetic factors. These results confirm the findings 
of other investigators, especially those of Hayes and Aamodt (26), 
Nilsson-Ehle (33), Quisenberry (34), and Worzella (44). 


MORPHOLOGICAL CHARACTERS 


Since the parental varieties varied in several morphological charac- 
ters, records were made of the colors of the straw, coleoptile, glume, 
and kernels of the hybrid materials. On the basis of F; breeding 
behavior, the families were classified as homozygous dominant, 
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heterozygous, or homozygous recessive. Since the development of 
straw color was influenced considerably by environmental conditions, 
some difficulty was experienced in distinguishing between bleached 
purple and white culms. Consequently, the homozygous dominant 
and heterozygous families for straw color were combined. The 
results were summarized and the F, segregation of the morphological 
characters in three crosses is given in table 9. 

It will be noted from the data in table § that the hybrids segregated 


TABLE 9.—F, segregation of morphological characters in American Banner X 
Trumbull, American Banner X Michikof, and Trumbull < Michikof crossés 





Number of families in class 
ndicat 





Parents and characters = = 
omo- omo- 
zygous | Hetero- | yous 

dominant recessive 





American Banner X Trumbull: 
Brown and white glume- -__-- 


Caloulated (1:2:1) -. 
Red and white kernel 


0. 96 
89 
48 


. 26 


Calculated (1:2:1) ..- 
Purple and green coleoptile-__- Gal 





culated (1:2:1) -- 
Calculated B:3) 252. 


SSSRS5 
SSSESSSES 


ee 


American Banner X Michikof: 
Brown and white glume 


ss 
Se 


culated (1:2:1) _- 


ema 75 73 
Celoulared REE 


27 - 68 


Red and white kernel 


Trumbull X Michikof: 
Purple and green coleoptile - - - 


Sh 


Calculated (1:2:1) . 
Celoulaced Sa 


+27 89 
0 1.00 


Purple and white straw-_---_- 


{Cale 

{Cale 

: {Cale 

Purple and white straw--_----- {onic 
{Cale 

{Cale 

{Cale 

{Cale 


SSSS ve 


Oe gmae - mae 
=] 
w 




















in a 1:2:1 ratio for glume, coleoptile, and kernel color, and a 3:1 ratio 
for straw color. These ratios indicate a single-factor difference for 
each of the characters in the crosses studied. Also, in the American 
Banner X Michikof cross, three pairs of factors are involved in the 
inheritance of kernel color. 


INTERANNUAL CORRELATIONS 


Interannual correlation coefficients were calculated for the com- 
p= of wheat quality in order to learn the extent to which the 

ybrids reacted in the same way in different seasons. These data 
are reported in table 10. 

It will be noted that highly significant positive interannual correla- 
tion coefficients were obtained for the components of quality studied. 
Since the soft wheat varieties, American Banner and Trumbull, vary 
slightly in quality, hybrids from this cross show correlation coeffi- 
cients of lower magnitude than those obtained on the more diverse 
hybrids from crosses involving hard and soft wheats. 

The high coefficients of correlation for gluten strength, granula- 
tion, and carotenoid content, especially in the American Banner 
Michikof and Trumbull X Michikof crosses, indicate that the hybrids 
reacted in much the same way in the two seasons. The magnitude 
of the interannual correlations for protein, 1,000-kernel weight, and 
test weight, although highly significant, is rather low, indicating that 
environmental conditions greatly influence the expression of “these 
characters. 
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TaBLE 10.—Interannual correlation coefficients of components of wheat quality 
of 200 hybrids from each of American Banner X Trumbull, American Banner X 
Michikof, and Trumbull < Michikof crosses grown during 1938 and 1940 





Correlation coefficients on the data ob- 
tained from the 1938 and 1940 crops in!— 





Components of quality 


American American 
Banner Banner Trumbull 


x xX 
Trumbull | Michikot | Michikof 





Gluten strength 

Granulation 

Carotenoid content 

DN So eras as OS as ahi cease ova ieekensep oe oad oe 
1,000-kernel weight 

Test weight 














1 A correlation coefficient of 0.181 is at the 1-percent level of significance. 


The consistency and magnitude of the interannual correlation coefti- 
cients for each of the three crosses provides further evidence that the 
variance observed in the characters gluten strength, granulation, 
carotenoid content, protein, kernel weight, and test weight in wheat is, 
in part, genetic in nature. 


INTERRELATIONSHIP BETWEEN CHARACTERS 


Many wheat investigators are of the opinion that associations 
exist between certain components of quality and also between certain 
of these and winter hardiness. For example, (1) hard vitreous wheats 
are regarded as being high in protein content and possessing a strong 
gluten, while soft starchy kernels are considered as being low in 
protein and weak in gluten strength, (2) white wheats are believed 
to possess weaker gluten than redkernel wheats- and (3) soft wheats 
are regarded as less winter hardy than hard wheats. These relation- 
ships are based, for the most part, on observations and experiments 
conducted on a series of varieties or selected hybrid strains. Asso- 
ciations between characters obtained from such studies would be 
affected by the wheats chosen, and would not necessarily reflect the 
natural relationships present in randomly selected hybrid populations. 

For the present investigations 200 hybrid families from each cross, 
selected at random, were used. Obviously, such a sample represents 
a population of wheats in which the recombination of characters was 
governed by the laws of heredity. In determining the relationships 
between the 11 characters studied, the data were subjected to corre- 
lation, chi-square, and linkage analysis. 


CORRELATION AND CHI-SQUARE ANALYSIS 


To measure the degree of association, if any, the method of correla- 
tion was used for the quantitative characters, while the chi-square 
test was used where qualitative characters were involved. Since the 
hybrids of the three crosses represent different populations, correla- 
tion and chi-square analysis were calculated separately for each 
cross. The data, indicating the interrelationship of components of 
quality, cold resistance, and several morphological characters of 
wheat hybrids from three crosses, are reported in tables 11, 12, and 13. 

The intercharacter correlations in tables 11, 12, and 13, indicate 
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very little, if any, association between cold resistance and the com- 
ponents of quality studied. Although several of the correlation 
coefficients are statistically significant, they are rather small and 
inconsistent in each of the three crosses and for the 2 crop years. 
The morphological characters kernel color, glume color, coleoptile 
color, and straw color, are inherited independently of cold resistance. 


TABLE 11.—Relations among components of quality, cold resistance, and morpho- 
logical characters of 200 wheat hybrids from American Banner X Trumbull cross 
grown during 1938 and 1940, expressed by correlation coefficients and chi-square 
probabilities ! 




















Association between characters indicated 2 
wa 5 Ms} my me 
Characters Crop| 2 = bs z = z re 3 
“| EE) go | Be | $8 | d-| 2S |_Steslgsies 
A) = & = SolBslea 
S*| 3e | #2 | 88 | | Se lgelEsisslse 
oO S S Oo — _ & IM |S |O 
anaes || | | —-| -—. |---| | — | _— 
Gluten strength _ . ther 0 + TA ERCSES LYSE Ee, Me eeten ee ute | | 
Granulation _.___.._-..__- fies re 0.07, --------- ASS: SS Ee RN iad aa 
1940 7 ; CR EE tae Sat 
Carotenoid content________- bo ee ts 0. = eats peed 
ne BSS nea ANSS tae {1988 045.48) 108 | O08. oS 
1940 - 08 . 28**| —.04 -.11 we. OR zig 
1,000-kernel weight... ______- 1938 . 06 .12 —.30**| —.63**|—0. 10)... __- 
1940 | —.02 . 04 —.06 —.39** < eta ee 
Det WON . 2c 2525. 1938 12 . 02 —.17* —.33**| —.12 Eee Snes 
1940 10 —.02 —.23**| —.17* | —.10 yng B 
Kernel color._.......-..---- bo 71 54 13 76 <i%* | Gi 61 
1940 | 71 85 40 10 <i 7 56 
Glume color --_- mer: 24 <1 70 49 77 6 ee ee ee 
1940 | 24 2* 30 97 20 81 ie ee 
Coleoptile color_._.....-_--- . 80 28 95 77 82 15 60 | 83 | 87 |_--- 
1940 | 80 75 74 50 78 60 86 | 26 | 72 |__-- 
Straw color_............ _..-\f1938 | 80 28 95 77 82 15 60 | 83 | 87 | O** 
(1940 | 80 75 74 50 78 60 86 | 26 | 72 | 0** 





























1 Percentage probability for chi-square test. 
2 *Odds at least 19 to 1; **odds at least 99 to 1. 


TaBLE 12.—Relations among components of quality, cold resistance, and morpho- 
logical characters of 200 wheat hybrids from American Banner < Michikof cross 
grown during 1938 and 1940, expressed by correlation coefficients and chi-square 
probabilities ! 














Association between characters indicated ? 
Characters Crop 
S| rei | Ctate, | Granule | “notd” Protein| kere | Sh 
sia a gg ee | G4 cae? 7p enemies recicrmnur! caasaueny Aeneas AUGER: CRONE 
Grnaitietion.........--.--- ik alee | we bo 
Carotenoid content..........-...l1 two | 208 | tee | ge (octtccbo kee 
lene src eaacoe ane ppeeme: amet oan) eel ace) ue ee 
1,000-kernel weight... ....-._.- { or - “4 a, me sae acer cease 
Test weight .............--....- { joe Be _ ile ts epg k Ea -  aea 
Ghume odlor...-....,........-- { Beles iciw | ft a2 ie 2 


























! Percentage probability for chi-square test. 
2 *Odds at least 19 to 1; **odds at least 99 to 1. 
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TaBLE 13.—Relations among components of quality, cold resistance, and morpho- 
logical characters of 200 wheat hybrids from Trumbull < Michikof cross grown 
during 1938 and 1940, expressed by correlation coefficients and chi-square 
probabilities ! 





Association between characters indicated 2 





Characters 


Cold resist: 
ance 
strength 
Granulation 
Carotenoid 
content 
1,000-kernel 
Test weight 
Coleoptile 
color 








Gluten strength____. 


| 
i=) 
- 
as 
* 


Granulation. _.._.________| 


Carotenoid content __- 


Protein 
1,000-kernel weight 
Test weight 


Coleoptile color_____-___-_| 








Straw color 























1 Percentage probability for chi-square test. 
2*Odds at least 19 to 1; **odds at least 99 to 1. 


The data indicate that in these hybrid populations, at least, the 
character gluten strength appears to be inherited independently of 
the other components of quality. However, highly significant corre- 
lation coefficients were obtained between gluten strength and protein 
content in the American Banner < Michikof cross (table 12). The 
results indicate that the genes controlling kernel color, coleoptile color, 
and straw color were not linked with those for gluten strength. 

The positive correlation coefficients obtained between granulation 
and carotenoid content suggest that these characters are associated. 
It is well known, however, that granulation or fineness of the wheat 
meal greatly influences the extraction of the carotenoid pigments. 
It appears probable, tHerefore, that the correlations obtained between 
granulation and carotenoid content are due to the limitations of the 
grinding methods in the preparation of meal of comparable fineness, 
rather than to genetic linkage. Granulation appears to be correlated 
negatively with test weight, however; the coefficients are either small 
or nonsignificant. Very little, if any, relationship was found between 
granulation and the other quality factors and morphological characters. 

Carotenoid pigment content was found to be correlated negatively 
with 1,000-kernel weight and test weight. Also, 1,000-kernel weight 
was correlated positively with test weight. It appears, therefore, 
that hybrids possessing large kernels that are high in test weight, 
tend to be lower in carotenoid content and vice versa. The relation- 
ships between these characters, however, are not close, since most of 
the coefficients are low in magnitude and others are not significant. 

Chi-square analysis of the data reveals that the genes for the follow- 
ing characters are linked: (1) gluten strength and glume color, (2) 
ig content and kernel color, and (3) coleoptile color and straw 
color. 
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Genetic data reported in table 9 indicate that the inheritance of 
coleoptile and straw color is monogenic. Pedigree records reveal 
that, without exception, all of the hybrids were classified as either 
purple coleoptile with purple straw or green coleoptile with white 
straw. If; 2 independent pairs of genetic factors were involved, 
one would expect a double recessive combination once out of every 
16 F; lines. None were found in the 400 families examined. It 
appears that the inheritance of coleoptile and straw color is governed 
either by 2 pairs of genetic factors closely linked, or by the same 
pair of genes. 


LINKAGE OF GLUTEN STRENGTH AND GLUME CoLoR 


Data reported in tables 11 and 12-show an association between the 
quantitative character gluten strength and the qualitative character 
glume color. This relation suggests a genetic linkage between a 
single pair of genes for glume color and one or more pairs of genes 
for gluten strength. Since in the American Banner < Trumbull cross, 
the inheritance of both characters, glume color and gluten strength, 
was found to be monogenic (table 2, fig. 1), it was possible to calculate 
their linkage intensity. The percentage crossing over was calculated 


on the F; segregation by the product method formula. The data are 
shown in table 14. 


TaBLeE 14.—Linkage relation between glume color (Ge gc) and gluten strength (G g) 
in American Banner (Gc g) (Ge g) X Trumbull (gc G) (gc G) cross 


| 





Number of families having 
Crop phenotype— 
year 





Ge G Geg gc G 





1938 102 49 44 
1938 104.6 45.4 45.4 


1940 110 41 42 7 
1940 107.5 42.5 42.5 7.5 


























It will be noted that approximately 30.5 percent and 38.8 percent 
crossing Over was observed between the pair of genes for glume color 
and that governing the inheritance of gluten strength for the 1938 
and 1940 crop years, respectively. The results of the 2 years agree 
rather closely, considering that these characters appeared in the 
repulsion phase and that only 200 hybrids were used. 


LINKAGE OF PROTEIN CONTENT AND KERNEL COLOR 


In table 11 it was noted that, in the hybrids originating from the 
American Banner < Trumbull cross, the characters protein content 
and kernel color were associated. The protein data reported in 
table 5 and figure 4 suggest that probably a single pair of genetic 
factors controls the inheritance of this character in the American 
Banner X Trumbull cross. Accordingly, arbitrary classes for protein 
content were set up, and the hybrids classified into three groups 
approaching a 1:2:1 ratio. Table 15 reports the F, distribution and 
percentage crossing over for protein content and kernel color in the 
American Banner < Trumbull cross. 
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TABLE 15.—Linkage relation between kernel color (Rr) and protein content (N n) in 
American Banner (rn) (r n) X Trumbull (R N) (RN) cross 





Number of families having 
Crop phenotype— 
year 





RN Rn rN rn 





1938 130 26 
1938 127.6 4 4 27.6 


Actual 1940 127 22 
Calculated, 30.9 percent crossing over 1940 123.9 1 a 23.9 























The results in table 15 show that about 25.7 percent and 30.9 
percent crossing over occurred between the pair of genes for protein 
content and that for kernel color for the 1938 and 1940 crop years, 
respectively. The results of the 2 years agree closely, considering 
that protein content is greatly influenced by environmental conditions. 


SUMMARY 


Experiments were conducted on 600 F; and F, hybrids, and 66 

areut rows originating from a triangular cross of American Banner, 

eeabell and Michikof wheats, grown at Lafayette, Ind., in 1937-38 
and repeated in 1939-40. 

The inheritance and interrelationship of components of quality, 
cold resistance, and several morphological characters were studied 
in randomly selected hybrid populations. 

The mode of inheritance of gluten strength, granulation, carotenoid 
content, crude protein, kernel weight, test weight, and cold resistance 
was found to be quantitative and governed by several genetic factors. 
In the hybrids originating from the American Banner X Trumbull 
cross, the inheritance of gluten strength and protein content appeared 
to be monogenic. 

Single genetic-factor differences were found to govern the mode of 
inheritance of the characters glume, coleoptile, and straw color. 
The inheritance of kernel color was governed by one and three pairs 
of genes in the crosses studied. 

Highly significant interannual correlation coefficients were obtained 
for the components of quality studied. The consistency and high 
magnitude of the correlations provide further evidence that the vari- 
ance observed in the characters gluten strength, granulation, carot- 
enoid content, protein content, kernel weight, and test weight in 
wheat is, in part, genetic in nature. 

Intercharacter correlations indicate very little, if any, association 
between cold resistance and the components of quality studied. 

Few relationships were found between components of wheat quality 
in hybrid material selected at random. In general, for most of the 
characters, the coefficients were low in magnitude or not significant. 
Gluten strength and granulation were inherited independently of the 
other components of quality. However, granulation was correlated 
negatively with test weight. Carotenoid content was correlated 
negatively with kernel weight and test weight, while kernel weight 
was correlated positively with test weight. 
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Genetic linkage was found between the genes for the following 
characters: (1) gluten strength and glume color, (2) protein content 
and kernel color, and (3) coleoptile color and straw color. 
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THE RESPONSE OF “CEASED” REACTORS IN BANG’S 
DISEASE TO REEXPOSURE'! 


By B. A. Bracu, professor of veterinary science, Wisconsin Agricultural Experiment 
Station; M. R. Irwin, cooperative agent, Bureau of Animal Industry, and pro- 
fessor of genetics, Wisconsin Agricultural Experiment Station; and L. C. Fereuson, 
cooperative agent, Bureau of Animal Industry, and instructor in veterinary science 
and genetics, Wisconsin Agricultural Experiment Station 


INTRODUCTION 


The results of observations on cattle under controlled conditions, 
and also in the field, agree in suppofting the conclusion that infection 
with a virulent strain of Brucella abortus usually induces resistance to 
subsequent infection by the organism, presumably as the result of 
active immunization. This phenomenon has long been recognized 
by some workers—among them Birch and Gilman (2)? and Giltner 
(9)—and has been questioned by others, particularly insofar as the 
possibility of sounsiess recovery from the infection is concerned. 
Complete recovery would imply elimination of the organism from the 
animal’s body and a return of the agglutination titer of the serum to 
that of a noninfected individual. 

The observations reported in this paper were made on cows whose 
sera, following induced infections, had lost their agglutinin titer for 
the infecting organism. These observations were made on two groups 
of animals, in two different herds consecutively assembled, over a 
period from August 1933 through July 1939. In a preceding article 
(1), the explanation was made that not all the animals to which the 
term “‘ceased’”’ reactor is applied, had been definite reactors according 
to the accepted standard. Since the principal point of interest in this 
paper is the reaction of all previously infected individuals to a second 
exposure, the terminology for these animals is unchanged. 


MATERIALS AND METHODS 


The animals on which these observations were made were in two 
herds, as previously described (1). 

Herd 1 originally consisted of 44 grade and purebred Holstein 
calves, and was assembled in 1926 as described by Hart and his 
coworkers (11). After the artificial exposure of 37 pregnant indi- 
viduals in 1928, and subsequent observations on them for a period 
of 2 years following the exposure, 14 individuals were selected to 
constitute a part of herd 2. At that time the agglutinins for Brucella 
abortus had practically or entirely disappeared from the serum of 
each of these 14 animals, and they were therefore termed ‘“‘ceased”’ 
reactors. 

To these 14 cows from herd 1 were added 22 animals, mostly virgin 
heifers, to make up herd 2. It was thought that none of these 22 
animals had had any previous contact with Brucella abortus, although 


1 Italie numbers in pesentneees refer to Literature Cited, p. 531, 
ica 


2 Received for publ ion February 27, 1942. Contribution from the Dapectnent of Veterinary Science 
and the Department of Genetics (paper No. 281), Wisconsin Agricultural Experiment Station, and the 
Bureau of Animal Industry, U. 8. Department of Agriculture. 
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it was later determined that one cow (No. 23A) had been in a herd 
which had suffered an outbreak of Bang’s disease some years prev- 
iously. The individuals in herd 2 were artifically exposed in September 
1933 by instilling two drops of a heavy suspension of Brucella abortus 
into the eye of each. 

Herd 3 was assembled in August 1934. This group consisted of 8 
individuals (ceased reactors) from herd 2, and 28 virgin heifers which 
were purchased irom herds free of Bang’s disease. One of the 
ceased reactors developed acute mastitis early in the experiment and 
was removed. Other removals and substitutions were made, as will 
be described more fully later. All animals in the herd were artificially 
exposed to Brucella abortus in May 1937. Cultures of the same strains 
of the organism were used that had previously been found by Crawford 
—— (6) to possess a marked pathogenicity for susceptible 
cattle. } 

The serum of each of the animals in both of the herds used in 
these experiments (herds 2 and 3) was tested, usually monthly, often 
weekly, for its agglutinin titer against Brucella abortus. Further, 
at each parturition, the colostrum and either the placenta or the 
uterine fluid, or both, were tested for the presence of Brucella abortus 
by the usual method of inoculation of guinea pigs. 


EXPERIMENTAL RESULTS 
HERD 2 


Data are presented in table 1 for the animals of herd 2. These 
include the pregnancies completed prior to the induced infection of 
all the animals of the herd in September 1933, and the subsequent 
abortion or normal calving of each individual. The first 14 individuals 
listed in the table were the so-called ceased reactors from herd 1. 
The others, with the possible exception of 23A as described above, 
presumably had had no previous contact with Brucella abortus. 


TABLE 1.—Results obtained with the animals of herd 2 prior to and following 
their artificial exposure ' to Brucella abortus 





Agglutination 
Preexposure period Postexposure period a ee reaction and 
: time observed 





Number of preg- 
nancies com- Days pregnant— Days 
pleted Brucella from ex- At calv-| Follow- 
abortus posure ing or ing 
re- When |*® abor- abor- | slaugh- 
Abor- |°°Vered) when aborted joo ed tion ter 
tion exposed| or eg 
calved 












































NNN NNE NN NNN hy 
ecococec]e|coooo 


See footnotes at end of table. 
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TaBLE 1.—Results obtained with the animals of herd 2 prior to and following their 
i fict Continued 
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1 Two drops of a heavy suspension of Br. abortus were instilled into an eye of each animal listed as. exposed. 

2 Exposed but not pregnant. 

3 S=slight reaction. 

4 Not exposed. 

5 Feng cow aborted in April 1931, 4 months before herd 2 was assembled. No Br. organisms were recovered 
at that time. 

6 Br. abortus was isolated from the colostrum of the left rear quarter of the udder at calving on October 
30,1932. The serum of the colostrum was positive (1:100) in all quarters. No organisms were isolated at 
the next calving. 

7 This heifer became a reactor late in November 1931, and was removed from the herd. She calved nor- 
mally on May 23, 1932. No organisms were recovered at the time of calving. 

8 A premature but living calf was produced. 


As will be noted from the data in table 1 (columns 2, 3, and 4)’ 
all calvings previous to the exposure were normal and the pathogen 
of Bang’s disease was not isolated from any individual, except from 
the colostrum of cow 36 (a ceased reactor) in October 1932, and 
at the one calving only. Furthermore, although there were slight 
fluctuations in the agglutinin titer of the sera from. the ceased reactors, 
these were never higher than suspicious reactions. 

Shortly after the herd was assembled, the serum of cow 11B reacted 
with the organism at a dilution of 1:100, and she was immediately 
removed from the herd and isolated. Although Brucella aborius 
was not recovered following birth at full term of a normal calf, the 
probability that she was infected cannot be denied. The only animal 
which, within the writers’ knowledge, might have been a carrier of 
the organism was No. 36, but whether the presumed infection of No. 
11B came from this particular cow, or was latent at the time of pur- 
chase, cannot be stated definitely. 
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Four animals (18, 5A, 6A, and 7A) were taken out of the herd, 
and three (58A, 61A, and 63A) were added about 3 months before 
the exposure Each of the three replacements had calved shortly 
— they were placed in herd 2, and came from a herd free of Bang’s 

isease. 

There were 34 cows in the herd at the time of the artificial exposure 
on September 5, 1933. Of these, 13 were ceased reactors, and 21 
were normal individuals, except for 23A, as previously described. 
These were given by way of the eye two drops of a heavy suspension 
of Brucella abortus. Also, a reacting cow which had recently aborted 
was put in with these animals to allow further exposure by contact. 
Four of these animals (8, 14B, 22B, and 24B) presumably were not 
pregnant at the time of exposure. The serum of one of these (No. 8) 
showed no appreciable increase in agglutinin titer following exposure, 
while that of the others gave definite evidence of infection; the 
agglutination titers of their respective sera increased markedly 
after the exposure, as shown in table 1. 

Only one abortion was noted (No. 5) in the group of ceased reactors 
which were pregnant when exposed. This cow became a definite 
reactor at approximately 8 weeks after the exposure, and aborted a 
fetus on the sixty-fifth day after inoculation. Brucella abortus was 
demonstrated in the material examined. A post-mortem examination 
when this animal was killed, approximately 2 months after the 
abortion, revealed a severe (pus) infection of both kidneys. Whether 
this infection was a major contributing factor in the break-down of 
whatever immunity this cow possessed as a result of the first infection, 
is not definitely known. About 2 months after the date of the first 
exposure in 1928 (11) the serum of this animal produced a slight 
agglutination of the organism at a dilution of 1:100, and the organism 
was not recovered at the time of ealving, nor thereatter. It cannot 
therefore be stated definitely that this animal was not infected at the 
first exposure, although that may be the explanation for the abortion 
following the second infection when at least some degree of resistance 
would have been anticipated as a result of the previous exposure. 

One of the ceased reactors (No. 8) presumably did not conceive. 
Each of the other 11 cows of this group (4, 12, 17, 28, 31, 33, 35, 36, 
38, 40, and 44) of ceased reactors produced living calves at full term, 
and Brucella abortus was not recovered from any of them. Only 3 
of these 11 cows (28, 36, and 38) showed even suggestive evidence of 
infection, as indicated by a slight increase in the agglutinating titer 
of their respective sera for the organism. The sera of the other 8 
cows only occasionally, if ever, produced complete agglutination of 
the organism at a dilution of 1 in 25, 

Thus it would appear that although the first exposure (11) of these 
12 cows was made 5 years before the second, the resistance induced in 
each by the first infection was sufficient to protect against a subsequent 
exposure, except for 1 individual (No. 5). Each of these cows had 
produced either 3 or 4 calves following the calving or abortion subse- 
quent to the initial exposure, and prior to the second. 

As stated above, cow 23A was in a herd which, several years 
previously, had suffered an outbreak of Bang’s disease. This herd, 
however, was free of the disease previous to her transfer to this 
experiment. The entire lack of any symptons on the part of this 
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animal (i. e., no increase in agglutinins and no organisms recovered 
at calving) subsequent to exposure aroused suspicion, and a reexamina- 
tion of the records of the herd from which she came elicted the above 
information. 

Excluding this individual, among the group of 17 susceptible cows 
there were 5 which calved Rem , 11 which aborted their fetuses 
at various stages of pregnancy, and one (20B) which produced a 
living but premature calf. Brucella abortus was not recovered at 
calving fromi any of the 5 which carried their calves full term; 3 of 
these (32A, 15B, and 16B) were definite but low reactors at serum 
dilutions of 1: 100, and the sera of the other two (63A and 9B) never 
produced agglutination at a dilution higher than 1:25. 

In the group of susceptible animals, only 1 (2B) of 11 individuals 
which aborted showed a serum reactivity less than that considered as 
indicative of a definite reactor. All others were definitely reactors. 
The organism was not recovered from 3 of these (58A, 2B, and 10B) 
by the usual guinea pig inoculations following the respective abortions. 
It is therefore possible that the abortion of 2B was not due to Brucella 
abortus, although it is assumed that the abortions of the other 10 
individuals were due to the pathogen. 

It is of interest to note that two cows (63A and 16B), which were 
bred for the final service after the induced exposure, calved normally. 
Edgington and Donham (8) have recently reported, with greater 
numbers, similar observations, to the effect that cows infected prior to 
pregnancy are not likely to abort. 

At the time of slaughter of these animals, minced tissues from the 
supramammary lymph gland, minced udder tissue, and washings 


from the udder of each were injected into guinea pigs in an attempt 
to determine whether Brucella abortus was present. As will be seen 
in table 1, the organism was not found in all the individuals from which 
it had previously been recovered at abortion or calving. However, 
it was found at slaughter only in animals from which it had been 
recovered at abortion or calving. 


HERD 3 


Approximately 8 ronths after the exposure of the cows in herd 2 
there were 8 individuals (23A, 32A, 58A, 63A, 9B, 10B, 15B, and 16B) 
from the previously susceptible group whose sera showed either very 
low titers or no aggultinins for Brucella abortus. The sera of 3 of 
these (23A, 63A, and 9B) had sbown no reactions with complete 
agglutination of the organisms at a dilution higher than 1:25; the 
sera of the others had produced agglutination, but at relatively low 
dilutions. The other animals of the herd were disposed of, the barn 
and premises were thoroughly cleaned and disinfected, and 28 virgin 
heifers were added in August 1934 to make herd 3. Cow 16B devel- 
oped acute mastitis and was removed a few weeks after herd 3 had 
been assembled. 

Table 2 (columns 2 and 3) gives the number of normal pregnancies 
or abortions for each individual in the herd from August 1934 until 
the artificial exposure in May 1937. Five individuals (4C, 5C, 17C, 
19C, and 21C) were exchanged in April 1936 for five others (19D, 
22D, 33D, 38D, and 42D) from another experiment within the station, 
and six animals (16C, 22C, 26C, 31C, 33C, and 19D) were discarded 
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for various reasons, none of which was attributable to infection with 
Brucella abortus. Three heifer calves (3H, 4H, and 5H from cows 
27C, 638A, and 324A, respectively) which reached sexual maturity 
prior to the artificial exposure, were bred and then exposed with the 
others, and data are given concerning their subsequent reactions. 


TABLE 2.—Results obtained with the animals of herd 3 prior to and following their 
artificial exposure | to Brucella abortus 
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1 Cows 23A, 32A, 58A, 63A, 9B, 10B, 15B, 14C, and 38D were exposed by way of-the eye: the others of the 
herd were given per 0s 20 cc. of a heavy suspension of Br. abortus. 

2 Exposed but not pregnant. 

8 No reaction. 

4 Not exposed; see text. 

5 Not ex . 

6 Small calf, lived 9 days, 


There were 31 different cows which, prior to the induced exposure, 
had produced either 1 or 2 calves each while in contact with the 7 
cows that had recovered from Bang’s disease. Within this group and 
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during this period there were 3 abortions (7C, 18C, and 26C), but 
these presumably were not due to Brucella abortus since the organism 
was not detected in any of the 3, nor were there demonstrable ag- 
glutinins in their sera at a titer above 1:25. 

At the time of the artificial exposure in May 1937 there were 
31 individuals in the herd, including the 3 heifers mentioned. The 7 
ceased reactors and 2 of the susceptible group (14C and 38D) were 
exposed by instilling 2 drops of a heavy suspension of Brucella abortus 
into the eye. The remaining susceptible animals were given per os 
20 cc. of a heavy suspension of the same organism. The adequacy 
of the infection is attested by the fact that, of the 24 animals of the 
susceptible group, 19 aborted. There were 4 which produced normal 
calves at full term, and 1 (42D) presumably was not pregnant. The 
results of the guinea-pig inoculations with colostrum and uterine 
exudates at the time of calving or abortion, as given for each animal 
in table 2, show that the organism was present in each of the 19 
susceptible animals that aborted, and also in 3 of the 4 individuals that 
calved normally. 

Four of the seven cows of the ceased reactors produced calves. 
and these were all carried to full term. Brucella abortus was recovered 
from the uterine fluid of only one of these, cow 9B. The sera from 
two cows that did not produce calves (58A and 63A) showed a 
slight rise in agglutination titers very shortly after the exposure. 

After slaughter, tissues from 23 of the infected animals were 
examined for the presence or absence of Brucella abortus. The same 
technique was used as was described for animals of herd 2; i. e., 
minced tissues from the supramammary lymph gland, from the udder, 
and washings from the udder were injected into guinea pigs. These 
tests were made during a period of 21 to 27 months following the 
exposure. As was found in comparable tests on the individuals of 
herd 2, not all the animals harbored the organisms which had shed 
them previously at the respective calvings or abortions. But the 
organisms were found in the tissues of only those animals from which 
they had previously been recovered. 

An observation of considerable interest was made following the 
exposure. One cow (No. 1C) calved shortly before the other animals 
were exposed in May 1937, too late to be treated with them. This 
cow thereafter was stabled at one end of a row of stanchions which 
also held infected animals, but was never turned loose with them. 
During the summer and early fall months, she stood next to an 
infected cow for an hour or more two or three times a week. As the 
weather became cooler, all the cows were kept in the barn, except for 
a few hours a day when the infected animals were let loose in the yard. 

No evidence of infection of 1C was noted until December 1937. 
The serum of this individual had been used weekly as a source of 
complement for bactericidal tests made on the infected animals, 
and a reaction out of the ordinary in these tests was noted on December 
23, although no appreciable change in the agglutinin titer of the serum 
for Brucella abortus could be detected. Very shortly after this, 
however (on January 5, 1938), her serum showed a perceptible increase 
in agglutinins (giving complete agglutination at a dilution of 1:100), 
and it was learned that several days previous to December 23 this 
individual had been loose in the barn for several hours, thus 
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allowing contact with the infected animals. However, it cannot be 
stated definitely that the exposure was made only at this time. She 
was bred in February 1938, and produced a riormal calf at full term, 
thus adding another to the examples given above, and to others cited 
by Edgington and Donham (8), that animals infected before pregnancy 
are likely to produce normal calves. 


GENERAL CONSIDERATIONS 


The combined results on the ceased reactors in herds 2 and 3 
show that, of a total of 16 such individuals which were subjected to a 
second exposure, 15 produced normal calves at full term and 1 aborted. 
Brucella abortus was isolated at calving from the uterine exudate of 
only 1 of the 15 animals which produced the norma! calves. Huddle- 
son and his coworkers (12) were unable to detect the organism in 12 
animals which had ceased to react. It appears probable, therefore, 
that the percentage of ceased reactors which may be found to harbor 
the organism will be low. 

The comparative titers of the sera of the different ceased reactors 
to Brucella abortus, following the first and second exposures, respec- 
tively, have been summarized in table 3. The sera of six of these 
individuals showed an appreciably lower titer following the second 
exposure than was found during the first infection. There were nine 
animals, however, whose sera during the second infection showed 
difference in the height of the titer of only one dilution from that 
noted in the first infection, probably not a significant difference, and 
one individual (No. 5) which gave a higher agglutination titer following 
the second exposure. Most of this latter group of animals had never 
shown complete agglutination of the organism at a serum dilution 
higher than 1:100 during either the first or second infection. 


TABLE 3.—A comparison of the agglutination titers for Brucella abortus of the sera 
of animals for the first and second infections,' respectively, with the pathogen 
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1 As a result of changes made in the sensitivity of the antigen over the years in which these tests were 
carried out, it seems probable that the respective agglutination titers for the sera from the different indi- 
viduals recorded at the different times of testing are only relatively comparable. 

2 § indicates a slight reaction at the dilution shown. 


The results obtained with the ceased reactors in the two different 
herds indicate that only a relatively small proportion of individuals 
exposed to a virulent culture of Brucella abortus immediately preceding 
or during pregnancy will be susceptible to a subsequent exposure. 
Furthermore, the demonstration (13) that the serum of the ceased 
reactors pdssessed bactericidal antibodies in the absence of agglutinins 
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beyond the titer of normal cattle adds support to the conclusion that 
an active immunity is engendered by an infection. » Indirectly, then, 
all such data support the conclusions based upon experiments in 
vaccination with living cultures by various workers [Buck (3), Buck 
et al. (4), Cotton, Buck, and Smith (6), Delez (7), and Haring (10)] 


that vaccination induces a definite immunization in the treated 
animals. 


SUMMARY 


Only 1 of 16 ceased reactors in 2 different herds aborted its fetus 
when subjected to a second exposure. Following a reexposure, 
Brucella abortus was isolated at parturition from only 1 other ceased 
reactor. In general, the agglutination titers of the sera of the different 
ceased reactors were either lower or approximately the same during 
the second as during the first infection. These results, combined 
with others on this general subject obtained elsewhere, add to the 
general belief that an active immunity to Brucella abortus is engendered 
by an infection with virulent organisms. From the experience 
obtained in these experiments, it appears that the immunity thus 
engendered is of relatively long duration. 
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